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Abstract: Background: The pathogenesis of atherosclerosis is multifactorial and diverse. Pro-
inflammatory cytokines are involved in these processes. It is suggested that inflammation may
represent a novel and modifiable risk factor for cardiovascular disease. Therefore, this study aimed to
gain insight into the relationship between plasma concentrations of TNF, VEGF, IL-6, and radiological
parameters of atherosclerosis progression in patients with early-onset coronary artery disease (CAD).
Methods: Seventy clinically stable patients were included in the study group. The age range for men
was no more than 50 years, while for women, it was no more than 55 years. Fasting blood samples
were obtained for plasma TNF, VEGF, and IL-6 protein measurements. Plasma cytokine concentrations
were measured via ELISA. Doppler ultrasound of the carotid and peripheral arteries was performed
in all patients. Results: After Bonferroni correction, there were no significant correlations between
any cytokine and radiological parameters of atherosclerosis progression in our patients. Conclusions:
The determination of plasma TNF, IL-6, and VEGF levels may not be a reliable marker for the vascular
condition, and the measurement of these cytokines in plasma cannot replace the classical radiological
examination of the vessels.
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1. Introduction

Coronary artery disease (CAD) is a major challenge for public health. CAD is associ-
ated with high morbidity and high mortality worldwide but particularly in the Western
world [1]. Usually, the disease affects older people, but the incidence of CAD has increased
in recent decades in younger people. This CAD manifestation at a young age is known as
early or premature CAD. In studies of early-onset CAD, the upper age limit is between 35
and 55 years [2]. In the era of preventive cardiology, a better understanding of this group
of patients is important. Years before any clinical symptoms appear, the presence of risk
factors for cardiovascular disease can be a threat for the future. This effectively complicates
the management of clinicians, including cardiologists. The pathogenesis of atherosclero-
sis is multifactorial and diverse. It is associated with the activation of several signaling
pathways through inflammatory or mechanical damage to the vascular endothelium, mobi-
lizing the body’s immune processes. Pro-inflammatory cytokines are also involved in these
processes, and inflammation is increasingly recognized as a new modifiable cardiovascular
risk factor [3]. Primary and secondary prevention plays a key role in the avoidance of
coronary events. In the pathophysiology of early-onset CAD, oxidative stress markers are
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important for endothelial dysfunction and inflammation. Understanding the pathways
involved may help to define some aspects of vascular biology and additional risk markers.

Tumor necrosis factor (TNF) is a cachexin produced mainly by activated monocytes
and macrophages. Smaller amounts of TNF are produced by endothelial cells, adipocytes,
mast cells, T lymphocytes, and smooth muscle cells [4]. Human TNF is a glycoprotein in
shorter or longer isoforms produced by tissues through the post-translational modification
of a 212-amino-acid polypeptide. It is normally composed of 182 amino acids [5] and is a
product of the TNF gene, which is located on chromosome 6 at position p21.3 and contains
4 exons. TNF affects cells by binding to the appropriate receptor (TNF-R1 or TNF-R2.)
on the cell membrane surface. Stimulation of these receptors leads to the activation of
cytokine production and realize the initiation of the arachidonic acid cascade. It leads to an
increase in intracellular free radical concentration and also stimulates the liver to produce
acute-phase proteins and adipose tissue to produce adiponectin [6]. TNF can affect the
IL-6 secretion levels. TNF is a pro-atherosclerotic factor, but the mechanism is not fully
understood [7]. For instance, there is still insufficient information regarding the impact
of TNF on vascular damage in individuals diagnosed with coronary artery disease at a
young age.

Interleukin 6 (IL-6) is a multifunctional pro-inflammatory cytokine. Its levels are also
increased in atherosclerosis and acute ischemic conditions. It is produced by macrophages,
T lymphocytes, and adipocytes in response to elevated levels of IL-1, TNF-α, interferon,
viruses, and bacterial lipopolysaccharides [8]. IL-6 acts through its membrane-bound re-
ceptors (IL-6R) on monocytes, macrophages, neutrophils, lymphocytes, and hepatocytes.
It also binds its blood-soluble receptors (sIL-6R) [9], and when bound in the IL-6/sIL-6R
complex, it activates cells in the same way as interleukin itself. This cytokine is a mediator
of the acute-phase response. IL-6 stimulates the liver to produce acute-phase proteins, such
as fibrinogen, C-reactive protein (CRP), and plasma amyloid A (SAA). In the acute-phase
response, the platelet count and activity increase, blood viscosity increases, and increased
SAA decreases the HDL levels. Paracrine and autocrine activation of monocytes in the
vessel wall by IL-6 contributes to fibrinogen deposition. IL-6 decreases plasma lipoprotein
lipase activity, which increases the lipid uptake by macrophages. This leads to foam cell
formation [10]. Circulating IL-6 affects the endocrine system. This cytokine stimulates the
hypothalamic–pituitary–adrenal axis, the activation of which is associated with insulin re-
sistance, hypertension, and central obesity [11]. Therefore, IL-6 is a proatherogenic cytokine
and an important mediator of atherosclerotic disease or acute ischemic conditions [12,13].
The role of IL-6 in younger patients with CAD is less well understood. This cytokine may
be a promising non-invasive marker for monitoring early CAD patients before and after
acute coronary syndrome.

The vascular endothelial growth factor (VEGF-A) is a cytokine that belongs to the
large family of vascular endothelial growth factors. VEGF plays a central role in the
formation and function of blood vessels. It is a protein that promotes increased vascu-
lar permeability and monocyte migration across endothelial layers [14]. The molecular
mechanism regulating angiogenesis in atherosclerosis involves the activation of signaling
pathways by hypoxia and an increase in VEGF-A release. Endothelial cells in blood vessels
close to the surface are supplied with VEGF-A by a positive gradient of VEGF-A. This
condition promotes the uptake of oxLDL by macrophages and the survival of monocytes
and macrophages [15]. The development and progression of atherosclerotic plaques is
characterized by pathological angiogenesis of the vessel wall. VEGF is, therefore, a mitogen
for endothelial cells, increasing their activity and proliferation rate. The biological effects of
this cytokine are mediated by VEGFR1 and VEGFR2 receptors, which are expressed on the
surface of vascular endothelial cells, monocytes, macrophages, platelets, megakaryocytes,
hematopoietic cells, retinal stem cells, and osteoblasts [16]. In patients following acute
myocardial ischemia, an increase in plasma VEGF-A levels promotes neovascularization
but is also a trigger mechanism for the atherogenic process and atherosclerotic plaque
formation [15]. It has been noted [17] that VEGF levels are elevated in the stable phase after
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Mi and correlate with inflammatory cytokines. In summary, VEGF stimulates neovascu-
larization. An atherosclerotic plaque requires a blood supply. Chemotactic factors, such
as tissue hypoxia, stimulate the release of VEGF proteins, leading to angiogenesis in the
vessel wall. These developments often precede luminal plaque formation. VEGF levels
may have an important negative prognostic value, because VEGF may provide a potential
link to plaque destabilization, as one of many possible markers.

Unstable plaques are part of the widespread atherosclerotic process. An atheroscle-
rotic process in the carotid region is associated with a higher incidence of CAD [18]. An
ultrasonographic score based on the assessment of the carotid and femoral plaque bur-
den predicts CAD more accurately than other non-radiographic methods. It is also a
suitable non-invasive and safe method for detecting high-risk patients [19]. The IMC-T
value > 0.6 mm was found to be a sensitive and specific ultrasound parameter that may be
useful in detecting the presence of CAD [20]. The ankle-brachial index (ABI), as the ratio
of ankle to arm systolic blood pressure, is a simple diagnostic test, also available in any
primary care setting. An ABI < 0.9 is a diagnostic criterion for peripheral artery disease and
a marker of future cardiovascular risk [21]. Ankle-brachial index (ABI) screening is useful
in diagnosing peripheral artery disease with good sensitivity (75%) and specificity (86%) in
high-risk patients with CAD [22]. The measurement of cytokines in peripheral blood is also
a useful tool for assessing inflammatory responses in a variety of diseases. Immunoassays
have advantages and disadvantages; however, they are generally known to be robust and
reproducible. They are notably useful in clinical laboratories for measuring cytokines, as
they are more widely available than an examination by a specialist radiologist. Therefore,
this study aimed to gain insights into the relationship between plasma concentrations of
TNF, VEGF, and IL-6 and radiological parameters of atherosclerotic progression in patients
with early CAD. We wanted to test the hypothesis that the measurement of some cytokines
in plasma could replace the classic radiological examination of the vessels.

2. Materials and Methods

This study included 70 clinically stable patients with early-onset CAD, comprising
18 women and 52 men (aged 50 years or less in men and 55 years in women). Age was
an inclusion criterion for this study, as only people with strong risk factors develop early-
onset CAD. The criteria for the CAD diagnosis were one of three conditions: a history of
myocardial revascularization surgery (CABG or PTCA) or angiographically documented
coronary artery stenosis (≥50% of the left main stem coronary artery or ≥70% of the
branches) or a history of myocardial infarction. To be included in this study, each patient
had to have undergone a potential revascularization procedure or coronary angiography at
least 30 days prior. Patients with acute coronary syndrome, significant heart failure or heart
disease (NYHA ≥ II), liver failure or severe kidney disease (serum creatinine > 3 mg/dL),
cancer, type 1 diabetes, thyroid disease, or rheumatoid arthritis were excluded from the
study. The patients were all hospitalized at the Department of Cardiology, Szczecin District
Hospital, Szczecin, Poland. Table 1 details past cardiac procedures, treatments used, risk
factors, as well as the clinical characteristics of the CAD group included in the study. The
biochemical control group comprised 50 healthy individuals without CAD and was selected
based on the same exclusion criteria as the study group. Additionally, the control group
was matched to the study group in terms of age and sex (74% male; mean 48 ± 3.20 years).
The control group was randomly selected from persons attending regular medical check-
ups at the occupational health clinic. The study was approved by our institutional ethics
committee (BN-001/162/04) and adhered to the tenets of the Declaration of Helsinki. All
subjects gave their informed consent for inclusion in the study before their participation in
the study.
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Table 1. Study group characteristics (number of cases—70).

Parameter Value

Gender (number of males) 52
Patients age (years) 49.9 ± 5.91

BMI (kg/m2) 28.4 ± 4.2
Past MI (number of cases) 49
Age of the first MI (years) 44.0 ± 5.6

Time since diagnosis of MI to joining the program (years) 3.20 ± 0.74
History of hypertension (number of cases) 46
Age at diagnosis of hypertension (years) 42.6 ± 8.6

Systolic BP (mmHg) 128 ± 15.0
Diastolic BP (mmHg) 77.6 ± 8.6

Past PTCA (number of cases) 50
Past CABG (number of cases) 26

Past smoking (number of cases) 62
Years smoking 18.9 ± 9.8

Current smoking 8
Diabetes type 2 (number of cases) 9

Statins (number of cases) 70
Anti-platelet drugs (Aspirin, number of cases) 63

ACEI (number of cases) 56
Beta-blockers (number of cases) 62

Diuretics (number of cases) 22
ARB (number of cases) 12

Calcium channel blockers (number of cases) 13
BMI = body mass index, MI = myocardial infarction, BP = blood pressure, PTCA = percutaneous transluminal
coronary angioplasty, CABG = coronary artery bypass grafting, ACEI = angiotensin 1 converting enzyme inhibitors,
ARB = angiotensin 2 receptor blockers.

Fasting blood samples were taken for plasma TNF, VEGF, and IL-6 protein measure-
ments. Plasma samples were stored at −80 ◦C until analysis. Plasma cytokine concentra-
tions were measured using commercially available enzyme-linked immunosorbent assay
(ELISA) kits (EIAab, Wuhan EIAab Science Co., Ltd., Wuhan, China) according to the
manufacturer’s protocol, as previously published by Bialecka et al. [23]. An ELX 808IU
automated microplate reader (Bio-Tek Instruments Inc., Winooski, VT, USA), adequately
calibrated with recombinant human protein concentrations in the appropriate range, was
used to determine the plasma concentration of the tested proteins. Calibration was per-
formed with recombinant human TNF in a concentration range of 0.5–32 pg/mL. The
absorbance of the test samples for TNF measurement was read against the calibration curve
at 490 nm. The assays were evaluated, and the minimum detectable dose (MDD) of TNF
ranged from 0.038 to 0.191 pg/mL. The mean MDD was 0.106 pg/mL. The MDD was
determined by adding two standard deviations to the mean optical density value of twenty
standard replicates and calculating the corresponding concentration. The intra-assay preci-
sion (CV%) was 3.1–8.5%, and the inter-assay precision was 7.3–10.6%. Calibration was
performed with recombinant human IL-6 in a concentration range 0.156–10 pg/mL. The
absorbance of the test samples for IL-6 measurement was read at 490 nm. The detection
limit was 0.039 pg/mL. The intra-assay precision (CV%) was 5.5–9.8%, and the inter-assay
precision was 5.5–11.2%. Calibration was performed with recombinant human VEGF in
a concentration range 31.3–2000 pg/mL. The absorbance of the VEGF test samples was
read at 450 nm. The detection limit was 9 pg/mL. The intra-assay precision (CV%) was
4.5–6.7%, and the inter-assay precision was 6.2–8.8%.

Doppler ultrasound of the carotid and peripheral arteries was performed in all patients.
The examinations were conducted by a highly experienced radiologist. Common carotid
artery (CCA) and brachial artery intima–media complex (IMC) thickness, density, and
atheromatous plaque thickness at the CCA bifurcation were measured using the M‘Ath
program [24,25]. Density measurement was based on the intensity of reflection from the
plaque, which is dependent on calcium deposits. The ankle-brachial index (ABI) was
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calculated by dividing the systolic blood pressure in the arteries of the left and right ankle
(posterior tibial artery) or foot (anterior tibial artery) by the higher of the two systolic blood
pressures in the arms.

The distributions of the measurable clinical parameters were significantly differ-
ent from the usual ones (the Shapiro–Wilk test); thus, in the calculations, we used non-
parametric tests, including, first, the Kruskal–Wallis test, followed by the Mann–Whitney U
test. The non-parametric Mann–Whitney U test was used in the calculations for gender dif-
ferences in cytokine levels and the radiological parameters studied. Correlations between
quantitative variables and cytokine plasma concentrations were assessed using Spearman’s
rank correlation coefficient (Rs). p-values < 0.05 were considered statistically significant,
but the classical Bonferroni correction was also applied in the significance analysis. As
a total of 18 statistical associations (including correlations and comparisons in the whole
group and the subgroups) were analyzed in this study, we applied the Bonferroni-corrected
threshold p-value equal to 0.05/18 = 0.0028. Statistical calculations were performed with
Statistica 6.1 software.

3. Results

The plasma levels of the tested cytokines are shown in Table 2. For further analy-
sis, CAD cases were divided into subgroups of women and men. In our study, plasma
TNF levels were not significantly different (p = 0.052) but were lower in CAD patients
(1.33 ± 0.36 pg/mL) than in controls (1.51 ± 0.005 pg/mL). No statistically significant dif-
ferences in plasma TNF, IL-6, and VEGF concentrations were observed between female and
male groups. No statistically significant difference (p = 0.19) was observed in plasma IL-6
levels between the study (1.68 ± 2.74 pg/mL) and control (1.47 ± 0.33 pg/mL) groups, but
IL-6 levels were higher in the CAD group. Similarly, no statistically significant difference
(p = 0.53) was observed in plasma IL-6 levels between the study group (236 ± 17.2 pg/mL)
and the control group (220 ± 77.5 pg/mL), but VEGF levels were higher in the CAD
group. Gender differences in the studied radiological parameters were compared and are
presented in Table 3. The Bonferroni correction for multiple comparisons was applied
to the significance analysis, with a resulting value of 0.0028. In the classical calculation,
statistically significant differences were observed between the female and male groups in
some radiological parameters, such as ankle-brachial index on the right and left side and in
the mean value. There were also statistically significant differences between female and
male groups in the intima–media complex of the common carotid arteries on the left side
and in the mean value. Similarly, statistically significant differences were observed between
female and male groups in the intima–media complex of brachial arteries on the right and
left side and in mean value. There were no significant associations between gender and
any of the plaque parameters of the common carotid arteries and bifurcation, except for
mean plaque thickness. After applying the Bonferroni correction, it was found that only
the association between gender and the intima–media complex of brachial arteries on the
left side remained significant among all the parameters analyzed. Except for this one, none
of the analyzed parameters remained statistically significant after applying the Bonferroni
correction.

Table 2. Plasma levels of the tested cytokines (the whole CAD group and subgroups).

Parameter Study Group F 1 M 2 p-Value

TNF (pg/mL) 1.33 ± 0.36 1.69 ± 1.21 1.37 ± 0.37 0.15
IL-6 (pg/mL) 1.68 ± 2.74 1.69 ± 1.21 1.73 ± 3.18 0.10

VEGF (pg/mL) 236 ± 17.2 236 ± 22.3 213 ± 26.2 0.12
1 the subgroup of women, 2 the subgroup of men.
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Table 3. Gender differences in the studied radiological parameters.

Parameter p-Value

ABI right 0.01
ABI left 0.04

ABI mean 0.004
IMC cca right 0.18
IMC cca left 0.07

IMC cca mean 0.04
IMC ba right 0.08
IMC ba left 0.0021

IMC ba mean 0.020
PLA thickness left 0.24

PLA length left 0.30
PLA density left 0.58

PLA thickness right 0.63
PLA length right 0.85
PLA density right 0.37

PLA thickness mean 0.04
PLA length mean 0.97
PLA density mean 0.88

ABI—ankle-brachial index, IMC cca—intima–media complex of common carotid arteries, PLA—plaque of com-
mon carotid arteries and bifurcation, IMC ba—intima–media complex of brachial arteries, mean—value calculated
as mean of measurements of the right and left arteries.

Correlations between cytokine concentrations are shown in Table 4. In the classical
calculation, a statistically significant correlation was found between IL-6 and VEGF plasma
levels, but upon applying the Bonferroni correction, the statistical significance of this corre-
lation was found to be non-existent. Correlations between cytokine plasma concentrations
and quantitative variables were assessed using Spearman’s rank correlation coefficient and
are presented in Table 5. In the classical calculation, statistically significant correlations
were found but only in terms of borderline significance, very weak correlation with higher
plaque density on the right side (p = 0.083) value in patients with higher TNF plasma
concentrations, and lower intima–media complex of the brachial artery with higher IL-6
plasma concentrations (p = 0.07). We also observed only a slightly negative correlation of
IL-6 with the intima–media complex of the left brachial artery (p = 0.02). Nonetheless, after
the application of the Bonferroni correction, none of the analyzed parameters were found
to be statistically significant. There were no significant correlations between VEGF plasma
concentrations and any of the radiological parameters. Finally, there were no significant
correlations between any of the cytokines and radiological parameters of atherosclerosis
progression in our patients after Bonferroni correction. Moreover, patients were catego-
rized into subgroups, with abnormal vs. normal vascular parameters values based on
the presence or absence of plaque, and ABI < 0.9, IMC cca > 0.9, and imc ba > 0.6 values,
following the clinical guidelines from other authors [26–30]. The association between the
concentration of the cytokines studied and vascular abnormalities was investigated. The
Mann–Whitney U test indicated only one slight significance (p = 0.031) in TNF levels when
comparing cases with IMC cca > 0.9 and IMC cca < 0.9. However, after applying the
Bonferroni correction, no statistical significance was observed.

Table 4. Correlations between cytokine concentration.

Cytokines Rs p-Value

IL-6 & VEGF 0.20 0.05
IL-6 & TNF 0.17 0.10

TNF& VEGF 0.10 0.35
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Table 5. Correlations between cytokine concentration and quantitative parameters in the whole CAD
group.

Parameter
Correlations with TNF Correlations with IL-6 Correlations with VEGF

Rs p-Value Rs p-Value Rs p-Value

ABI right −0.08 0.51 −0.12 0.32 −0.12 0.35
ABI left −0.08 0.52 −0.10 0.40 −0.16 0.19

ABI mean −0.07 0.56 −0.12 0.32 −0.15 0.23
IMC cca right 0.01 0.91 −0.04 0.73 −0.04 0.74
IMC cca left 0.06 0.65 0.02 0.86 0.01 0.91

IMC cca mean 0.07 0.56 −0.03 0.80 −0.04 0.74
IMC ba right −0.12 0.32 −0.12 0.32 −0.16 0.19
IMC ba left −0.001 1.00 −0.30 0.02 −0.16 0.19

IMC ba mean −0.12 0.33 −0.22 0.07 −0.10 0.41
PLA thickness left 0.06 0.76 −0.17 0.42 −0.19 0.35

PLA length left −0.07 0.73 0.22 0.28 −0.03 0.88
PLA density left −0.31 0.12 0.01 0.97 −0.15 0.46

PLA thickness right 0.08 0.66 −0.12 0.52 0.27 0.12
PLA length right −0.16 0.38 0.01 0.96 0.10 0.58
PLA density right 0.30 0.083 −0.02 0.92 −0.01 0.94

PLA thickness mean −0.12 0.50 −0.10 0.59 0.24 0.17
PLA length mean −0.02 0.89 0.04 0.79 0.09 0.57
PLA density mean 0.08 0.63 0.03 0.86 −0.03 0.86

4. Discussion

Intima–media thickness (IMT) measured in peripheral arteries correlates with the
presence and progression of atherosclerosis in the coronary arteries. IMT measurements
can help to select high-risk patients and assess the effectiveness of therapy. Patients
with higher IMT values have been reported to have a higher incidence of cardiac events.
Ultrasound assessment of the IMT complex of peripheral arteries in daily clinical practice
helps monitor the efficacy of pharmacological therapy in CAD patients after MI [26]. The
ankle-brachial index (ABI) is an independent prognostic marker for cardiovascular events
in patients with coronary artery disease (CAD). Routine ABI screening may have important
prognostic value in these patients [27]. The range for a normal ankle-brachial index (ABI)
is considered to be between 0.9 and 1.4. Abnormal ABI is independently associated
with all-cause mortality (RR: 1.74; 95% CI: 1.32–2.30) in patients with CAD, even after
adjustment for conventional confounders. However, the prognostic value of an abnormal
ABI is dominated by a low rather than a high ABI [28]. This simple and cost-effective
research could serve as a crucial prognostic tool for CAD patients and may help in further
classifying extremely high-risk CAD patients who may require more intensive monitoring
or treatment [29]. The higher risk of atherosclerosis is associated with lower ABI and higher
IMC thickness [30]. Plaque density reflects plaque calcification. Lower plaque calcification
is associated with plaque instability, whereas high plaque calcification is associated with a
predisposition to thrombosis [31]. Inflammation plays a fundamental role in the process of
atherosclerosis [32]. Therefore, we investigated the correlation between radiological factors
of the atheromatous plaque and plasma levels of three proatherogenic cytokines: TNF,
IL-6, and VEGF. We tested the hypothesis that the measurement of plasma levels of some
cytokines may be a marker of cardiovascular risk in cases of early coronary heart disease.
We found no significant associations between plasma TNF, IL-6, and VEGF concentrations
and any of the parameters measured by Doppler ultrasound of the carotid and peripheral
arteries.

Other authors have reported different TNF plasma concentrations. The range is from
a few [33] to several tens of pg/mL [34] in CAD patients, while in healthy people, it is
about 2 pg/mL [35]. Our patients were all treated with statins, which reduce plasma TNF
levels [36]. In contrast, there are no precise reference ranges for IL-6 in the available litera-
ture. Todd et al. [37] found a mean value of 1.89 pg/mL for plasma from healthy subjects.
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Similar results were found by Hennø et al. [38], suggesting that the IL-6 levels measured in
our early CAD cases were normal. It should be noted that an IL-6 level above 1 pg/mL
is considered to be highly predictive in CAD patients with intermediate atherosclerotic
cardiovascular risk and chest pain [39]. Other authors have reported reductions in plasma
VEGF concentrations in patients taking statins [40,41]. In the cited studies, plasma VEGF
concentrations were higher in CAD cases than in controls before statin treatment and
decreased after two months of statin therapy. In our study, all cases received statins (mainly
atorvastatinum or simvastatinum at a daily dose of 20–40 mg). This is a treatment for
lowering LDL cholesterol, but it also has pleiotropic effects on endothelial function [42] and
may have anti-inflammatory effects [43]. In addition, the authors of a meta-analysis study
reported that the range of plasma VEGF levels in healthy subjects is 51–391 pg/mL [44].
The mean plasma VEGF levels reported in our study were not high, ranging from 31.4 to
938.1 pg/mL, but were similar to those reported in studies by other authors [45–47].

There is a limited amount of research that has focused on the link between cytokines
and Doppler examination’s comprehensive measurements of atherosclerotic vascular le-
sions. Elkind et al. reported that serum-soluble TNF receptor concentrations were signif-
icantly associated with carotid plaque thickness in a community study population aged
between 40 and 70 years [48]. In another study, TNF receptor expression on monocytes
was positively associated with carotid intima–media thickness in healthy women aged
20–50 years [49]. In a study by Andersson et al. [50], plaque size was associated with
increased plasma TNF levels in subjects aged 70 years. In elderly patients, the length,
thickness, and number of carotid atherosclerotic plaques with plasma TNF levels decreased
after statin treatment [51]. On the other hand, in a GWAS study, no SNP in the TNF gene
was associated with carotid intima–media thickness in hypertensive subjects from British
Caucasian families [52]. Furthermore, carotid intima–media thickness was not associated
with plasma TNF levels in patients with manifest cardiovascular diseases [53]. This ob-
servation is consistent with our study. Based on our study, we observed only a borderline
significance and a very weak correlation between higher plasma TNF levels and increased
plaque density in the right common carotid artery of the patients.

In other studies, IL-6 levels correlate positively with the degree of carotid stenosis, the
presence of unstable plaque, and the dynamics of changes in the morphology of atheroscle-
rotic plaques in the internal carotid artery [54,55]. The authors do not agree on whether
there is an association between IL-6 and carotid IMC thickness, a parameter used to detect
and monitor early atherosclerotic lesions [56]. However, associations between IL-6 levels
and IMC thickness of the carotid bulb and internal carotid artery have been demonstrated,
though these results have not been confirmed by other studies after adjustment for conven-
tional risk factors [57]. This observation is also consistent with our study. We found only a
borderline significant correlation of the lower brachial artery intima–media complex with
higher plasma IL-6 concentrations. We also observed only a slight and very weak negative
correlation of IL-6 with the intima–media complex of the left brachial artery. However,
none of these analyzed parameters remained statistically significant after applying the
Bonferroni correction.

Only one study [58] found a significant correlation between mean carotid IMT and
VEGF levels in Behçet’s disease cases (r = 0.317, p < 0.05). Another study [59] failed to
confirm a change in plasma VEGF levels and anatomical location of the coronary artery,
aortic root, coronary sinus, and femoral vein immediately after angioplasty in CAD cases.
Similarly, in another study [60], there was no significant correlation between plasma VEGF
levels and carotid intima–media thickness in post-acute thrombotic stroke cases 90 days
after stroke onset. The authors concluded that plasma VEGF cannot specifically assess
vascular status because it can be induced by ischemic conditions in tissues throughout
the body. This observation is also consistent with our study. There were no significant
correlations between plasma VEGF concentrations and any of the radiological parameters.

This study is subject to several limitations that should be noted. One limitation is
the absence of a randomly selected control group comprising healthy individuals without
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CAD, who would have satisfied the same exclusion criteria as the study group, including
age and sex. Although a biochemical control group was included in the study, the lack of a
corresponding control group for radiological studies is another limitation that should be
acknowledged in future research. Another limitation of this study is that one of the major
challenges in cytokine analysis is the availability of a suitable analytical tool with high
accuracy, specificity, precision, stability, linearity, and analytical sensitivity. In addition,
the measurement of cytokines in human blood has not yet been properly calibrated. It is
important to acknowledge that in experimental research, it is nearly impossible to eliminate
the influence of all potential confounding factors. Despite this challenge, we made a
concerted effort to thoughtfully consider the inclusion and exclusion criteria for the trials
to mitigate their impact as much as possible. However, any unrecognized inflammation
before the study, anti-inflammatory therapy applied by the patient (without the doctor’s
knowledge), or undiagnosed cancer and diabetes can significantly affect the levels of
cytokines tested.

There have been major advances in our understanding of the epidemiology and
pathophysiology of multidisciplinary atherosclerotic disease, but little is known about the
association between carotid artery disease and peripheral arterial disease. Carotid artery
stenosis is associated with the presence of hypoechoic unstable plaques. These plaques
are associated with high levels of inflammatory markers and present a large infiltration
of macrophages. The greater prevalence of hypoechoic unstable carotid plaques could
explain why peripheral arterial disease is associated with a higher risk of stroke than
coronary artery disease [61]. The role of inflammation in atherothrombotic disease is
being increasingly recognized. Several biomarkers of inflammation are associated with
ultrasonographic measures of carotid artery atherosclerosis in patients with moderate to
high prevalence of CAD. These include markers of hemostasis (fibrinogen and selectin),
inflammatory variables (hsCRP, calprotectin and SAA), cytokines (TNF, MCP-1, IL-6 and
IL-8), and cell adhesion molecules (VCAM-1 and ICAM-1) [53,62–64]. In addition, different
classes of cytokines (chemokines, TNF family, IL1 family, interferons, and adipokines) are
implicated in the entire process, leading to the destabilization of the atherosclerotic plaque
and, consequently, to the incidence of myocardial infarction. In particular, the TNF and IL1
families are involved in inflammatory cell accumulation, platelet aggregation, vulnerable
plaque formation, cardiomyocyte apoptosis, and adverse remodeling after myocardial
infarction [3]. Compared to stable CAD and healthy subjects, acute coronary syndromes are
associated with long-term increases in serum concentrations of anti- and pro-inflammatory
cytokines, such as IL-2, IL-10, and TNF. It seems likely that sudden CAD progression
leading to acute coronary syndromes is triggered/accompanied by prolonged immune
activation [65].

Considering the exhaustive nature of this study on proinflammatory cytokines and
early-onset coronary artery disease (CAD), it seems important that future research should
focus on the potential role of patient demographics and lifestyle factors in modulating
cytokine levels and their consequent impact on CAD. To gain a better understanding of the
relationship between cytokines and atherosclerotic changes, research could be undertaken
considering additional variables, such as age, gender, dietary habits, and physical activity
levels. In addition, considering the variability in cytokine expression due to genetic factors
may provide a more nuanced understanding of their role in CAD pathology.

5. Conclusions

Although there has been extensive research on the involvement of inflammatory pa-
rameters in the pathogenesis of CAD, our study revealed a lack of association between
certain cytokine concentrations and the radiological parameters of vessels. These obser-
vations are consistent with other studies. While immunoassays are a suitable method for
measuring cytokines in clinical laboratories and are much more readily available than
an examination by a specialist radiologist, it appears that the determination of plasma
TNF, IL-6, and VEGF levels cannot be a surrogate test for vascular status. Therefore, it is
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necessary to note that measuring cytokines in plasma is not a substitute for the traditional
radiological examination of the vessels.
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